ABSTRACT
statistical distribution and were not changed significantly by addition of low level background light at 643 or 705 nanometers. Maximal rate of unit turnover, calculated from light-saturated rate and unit size, varied inversely with chlorophyll content in the range of 70 to 180 per second.
number of "open" reaction centers for system 2. They sought precision of measurement for the fraction of reaction centers open rather than for absolute number of centers (or units). However, the maximal attainable flash yield turned out to be essentially identical to the Emerson and Arnold value obtained with repetitive flashes. The Emerson and Arnold number is so widely quoted and used in calculations that attempts toward more accurate measurement are appropriate. Questions arise about proper method of measurement, possible variation in unit size, and the statistical meaning of unit size, however accurately it is measured (22) . The present report is directed simply toward repetition of the Emerson and Arnold experiments with study of effects of systematic variation in chlorophyll concentration. Since chlorophyll was varied by light intensity under steady state growth conditions of Chlorella pyrenoidosa, the descriptive data obtained are useful also for other purposes. Hence this report also extends previous work of our laboratory (14, 15) . A partial treatment of those data related to productivity of algal cultures has been presented elsewhere (16) .
MATERIALS AND METHODS
In 1932 Emerson and Arnold (4, 5) introduced the classical technique of measuring photosynthesis under repetitive short flashes (10 ,sec) . With a sufficient dark time between saturating flashes they observed a maximal flash yield of about 1 Rabinowitch (19) , the instructive and definitive experiments of Kok (12) should be noted.
Innovations of the Joliots made possible measurement of oxygen yield from a single flash (6) (7) (8) . The problem of dark inactivation (8, 9) 10-9 amp) and periodically at air-saturated water (about 3.5 X 10-9 amp). The electrode was inserted into the side of a 1.5-ml glass cuvette, 1.0 X 1.0 cm in cross section enclosed in a water jacket of 2.5 X 2.5 cm and provided by temperature control at 25 i 0.02 C. Magnetic stirring was provided by a glass-covered bar driven by a synchronous motor.
Although a single sample could be maintained in the cuvette and subjected to a series of illuminations (e.g., at different light intensities), we found that reproducibility in rate of oxygen evolution was poor and subject to effects of previous treatments. A larger sample of cell suspension could be removed from the growth chamber and held in darkness or very low light; sequential measurements on replicate aliquots showed slowly drifting rates of oxygen evolution. Finally, we resorted to a procedure in which each measured sample was withdrawn from the growth chamber, and the low absorbance of the algal suspension. The time-averaged irradiance incident on the cuvette was measured by a large area (1-cm2 diaphragm) Cambridge thermopile with long time constant. The energy per flash was 2400 ergs/cm2 and independent of flash rate from 10 to 30/sec. Our measurements of flash duration, 13 and 22 psec to 13 and 110, respectively, of peak height, are longer than the manufacturer's specification of 3,usec to 13 peak height. Our measured value is probably too long by virtue of capacitance in the measuring circuit.
Light intensity curves and saturated rates of oxygen evolution were measured at 620 nm provided by a projection system through 8 cm of water, a blocked interference filter (Baird, 13-nm halfwidth), and wire screens for intensity control. Low level background illumination was selected at 645 nm (half-width 13 nm) or at 705 nm (half-width 16 nm) by other blocked interference filters. Irradiance was measured by a Cambridge large area thermopile calibrated against standard lamps.
RESULTS
Cell Characteristics. Characteristics of the cells used are given in Figure 1 and Table I . Figure 1 presents one of several closely agreeing irradiance curves obtained for cultures at each of the six light intensities used for growth. Each culture is described by its specific growth rate, A. The lower and separate curve, taken from Phillips and Myers (18) , shows , as a function of relative light intensity but with no intention of comparing irradiance curves for A and P. Sets of measurements of flash yield (see below) always were accompanied by one or more measurements of the light-saturated rate. The complete range of light-saturated rates is shown at the right-hand end of each curve together with average values which are cited also in Table I . It is evident that the lightsaturated rate of photosynthesis per chlorophyll is varied by a factor of almost four times by the light intensity used for growth.
Data of the first three columns of Table I show the same trends in cell density, cell size, and total chlorophyll content expected from previous work (14) . Variation in the chlorophyll a/b ratio is significant but smaller than that reported for another species of Chlorella (20) . Dark respiration, measured before and immediately after the light-saturated photosynthesis also showed expected variation. Initial rates best describe the cells used; final 3 Qo2 = ,Al 02/mg cells -hr; initial is rate observed in period 3-6 min after removal from culture. 4 Final is rate observed in period 0.5 to 4 min after period of saturating light. ' Pchl = moles 02/moles total chl-hr. 6 Actually measured rate under 20 rates were numerically added to the observed light rates to obtain the apparent rates of photosynthesis which are cited.
Flash Intensity and Rate. Attenuation by neutral filters gave curves such as Figure 2 for flash yield vs. relative flash energy. The curves drawn to fit the data describe the killing-type relation observed by Kohn (11) : log (1 -M) = -AE, where M is the fraction of maximal yield observed at flash energy E and A has the meaning of an absorption coefficient for a photosynthetic unit. Our only concern of close approach to flash saturation was with high light-grown cells (curve B). Even then we could not observe significant increase in yield by increases in voltage to the flash tube and use of a backing mirror to obtain still higher energy. Hence, we judge that our flash energy was sufficient to obtain 95 C or more of maximal flash yield at our standard flash energy which is scaled at 100 in Figure 2 .
Variation in flash rate gave no change in flash yield in our range of 10 to 30/sec. The only useful information obtained is that at our standard 20/sec flash rate the 0.05-sec dark time did not limit the flash yield. An equivalent statement is that the measured rates of oxygen evolution in flashing light (Table I, Table I together with the number of determinations and the standard deviations. Since we also have the light-saturated rate of oxygen evolution (Pchl, column i), we can estimate the maximal turnover rate for the photosynthetic unit, U/sec (column 1).
Effects of Background Light on Flash Yields. The work of Schmid and Gaffron (21, 22) suggests that background light can change the apparent size of the photosynthetic unit. Our efforts with light 1 (705 nm) and light 2 (645 nm) backgrounds have been entirely negative in showing any significant effects on flash yields in Chlorella. Our most complete set of experiments is shown in Figure 3 In comparison of data from single versus repetitive flash yields there is also a second difference which appears to be an important anomaly. The relation between flash yield and flash energy (E) observed by Arnold (1) and by Kohn (11) can be written log q = -AE, in which q is the fraction of unreacted reaction centers. This is equivalent to a killing curve by which the fraction of units surviving is titrated by a dosage of incident quanta. The term A (if measured in absolute dimensions) would have the meaning of the constant optical cross section of each unit. A different relation is predicted by the findings of the Joliots (6, 7) and Joliot, Joliot, and Kok (10) . They have shown that steady state rate of oxygen evolution (V) is less than first order with respect to the fraction (q) of open reaction centers for system 2. They considered this as evidence for transfer of excitation energy between system 2 units.
If the reaction center of one unit is closed, there is a probability (a) that excitation energy in that unit may reach the center (open or closed) of an adjacent unit. Their data fit the relation V/Vmax = q/[l -a(l -q)], where a has a value of 0.5 to 0.6. This implies that a reaction center does not have a constant optical cross section but one which increases by a factor of 2 to 2.5 as q approaches 0.
Our data (as Fig. 2 ) seem to fit best the relation described by Arnold (1) and Kohn (11) and appear incompatible with the idea of a variable cross section. We are studying further the apparent anomaly in search of explanation.
